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The neutron EDM experiment has played an important part over many decades in shaping and 
constraining numerous models of CP violation. This review article discusses some of the techniques 
used to calculate EDMs under various theoretical scenarios, and highlights some of the implications 
of EDM limits upon such models. A pedagogical introduction is given to the experimental techniques 
employed in the recently completed ILL experiment, including a brief discussion of the dominant 
systematic uncertainties. A new and much more sensitive version of the experiment, which is 
currently under development, is also outlined. 



I. INTRODUCTION 



o : 
o . 

04 ' It is now more than half a century since Ramsey carried out his pioneering first search for a permanent electric 
^ , dipole moment (EDM) of the neutron Ramsey's original motivation Q], in contravention to the prejudices of 
D ' the day, was to test the conservation of parity. The null result obtained was not believed to be important, and it 
Q i lay unpublished until the aftermath of the 1956 discovery of parity violation in the radioactive decay of ^°Co 

The implications for T violation were then realised, at which point the search picked up - and has continued ever 
since, achieving an impressive order of magnitude improvement in sensitivity every eight years or so as shown in 
1—1 ' Figure [1] To put the extraordinary degree of sensitivity of this experiment into a human perspective, if one imagines 
^ a neutron expanded to the size of the Earth, the current limit of \dn\ < 2.9 x 10^^^ e cm[^ |g] would correspond to 
^ : a separation of the centres of charge of about 1.5 microns. (Equivalently, there are 27 orders of magnitude between 
O i' the size of the EDM limit and the size of a football - the same scale factor as between the size of a football and the 
1^ , size of the visible universe.) In energy terms, one can regard this experiment as having the ability to detect a level 
r^, ' splitting of less than 10"^^ eV. 

It is easy to visualise why the existence of a permanent EDM d in a fundamental particle violates both parity P 
CO ■ and time-reversal symmetry T. The EDM itself is a vector proportional to the neutron's spin (i.e., either parallel or 
^ \ antiparallel to it - there being no other direction defined for a spin-1/2 particle). Therefore, when such a particle is 
placed within an electric field E, a P-odd, T-odd term —d ■ E is introduced into the Hamiltonian: A parity reversal 
changes the sign of E but leaves the spin (and hence the EDM) unchanged, whereas the opposite is true under 
' T reversal. In some other systems, this is perfectly acceptable; the ammonia molecule, for instance, exists in two 
, degenerate mirror-image forms, and an EDM is therefore possible without parity violation. The reality of the Pauli 
' principle applied to nuclear structure, however, tells us that there is one, and only one, type of neutron, so the 
I existence of a permanent EDM would be a direct manifestation of P- and T- violation. 

I It is worth noting that a fallacious argument relating to the charge structure of the neutrons is often employed. 
^ ' One can imagine the neutron to be a particle that is electrically neutral overall, but with positive and negative centres 
of charge slightly offset from one another along the spin axis. It appears superficially that a parity reversal would 
swap the charge distribution while leaving the spin direction unchanged, and that parity would therefore be violated; 
^ , however, since E changes sign under P, in this scenario the sign of —d ■ E would not change, and no parity violation 
■ - ' would occur. Instead, we must regard the EDM as being coupled to the spin itself, rather than being independent of 
it. 

The neutron EDM is also deeply related to the question of the baryon asymmetry of the Universe 7] . The Standard 
Model parameterization of CP violation is unable to accommodate the relatively high value of the baryon-to-photon 
ratio 77 = 6 X 10^^*^. Ellis [1] describes how, in a wide class of GUTs, the diagrams that generate rj also contribute to 
the renormalization of the CP-violating QCD parameter 9 (see below), and hence to the neutron EDM; in a subsequent 
paper [9], Ellis describes the neutron EDM as a "sensitive cosmological seismometer". For the GUTs in question, one 
obtains the order-of-magnitude inequality dn ~ 2.5 x lO^^^T^ecm, which suggests that in an almost model-independent 
way the neutron EDM should lie within about an order of magnitude of the existing experimental limit. 

To date, no permanent EDM of any fundamental particle has yet been found, and the ongoing measurements 
continue in their long tradition of placing ever-tighter constraints upon CP- violating theories beyond the Standard 
Model. 
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FIG. 1: Sensitivity of neutron EDM experiments over time. On the left of tlie graph are some theoretical predictions of the 
magnitude of the neutron EDM. 



A. Modelling the neutron EDM 



It is appropriate to ask what size of EDM one might expect, depending upon the nature of the T- violating forces 
that undcrUc it. From dimensional arguments, one can write 'l(| 

EDM = charge (e) x a length (l) x a T-violation parameter /. 

If the strong force were P- and T-violating, one might expect If to be a reasonable fraction of the diameter of the 
neutron, or perhaps of its Compton wavelength h/Mc, giving an EDM of the order 10"^'* e cm in size. This is not the 
case, however, and we expect to have to bring in the weak interaction to accommodate parity violation. A "natural" 
length scale that suggests itself is then I = GM, where G = 10~^/M^ is the weak-interaction coupling constant, thus 
giving dn ^ 10~^^fe cm. Studies of neutral kaon decays [ll| suggest that CP- (and hence T-) violating forces are a 
thousand times weaker than the weak force, thus implying that / ~ 10"'^ and leading to an expected upper limit of 
dn ~ 10~^^ e cm. 
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Ellis provides a good review of the techniques actually used to model EDMs. The neutron EDM is often 
calculated on the basis of the usual vectorial addition of the contributions expected from the constituent quarks in 
the naive quark model (NQM): c?„ — ^dd — -^du- One can calculate contributions from the colour dipole moment in a 
similar manner In a later paper, going beyond the NQM, Ellis [Ti"! points out that the spin of the neutron also 
has a substantial contribution from the strange quark, which can provide significant cancellation of the otherwise- 
dominant d-quark contribution. A phenomenological approach is also often adopted. One interesting example of this 
is given by He et al. [l5l | , who within the framework of left-right symmetric models relate dn to the measured value 
of e'/e, and who thereby predict (i„ > 1.9 x 10~^^ ecm, which should be well within the range of the next generation 
of experiments. 



B. Standard Model Predictions 

The simplest way in which EDMs can arise in the Standard Model [l^ is through W exchange. Study of the 
contributing tree-level W-exchange diagrams reveals a simple but important property: Because there is no net flavour 
change, all first-order contributions to an EDM must cancel. These processes of necessity involve sums of matrix 
elements V*jVij where i,j are quark flavours. These contributions are real, and therefore do not involve the CP- 
violating phase 5. A finite EDM from the Standard Model therefore requires second-order interactions: an additional 
gluon loop, or an interaction involving more than one quark, will lead to contributions at this level. 

Donoghue et al. [13] give an estimate, based on simple dimensional considerations, of the expected neutron EDM 
arising from the second-order contributions within the Standard Model. As a consequence of the required invariance 
of results under rephasing of quark fields, all CP-violating observables must include a factor of 

ImA*-*) = A^A^ry = ciC2C3.s\s2S3.5 - 10"'*, 

where A, A, 77, ci etc. are from the usual Wolfenstein/CKM parameterisations. In addition, the GIM mechanism causes 
the contributions of degenerate-mass quarks to cancel, so one expects contributions of the form (m^ — m^)/M^, 
dominated by the term. In total, one expects 

rf„ ^ e^^Im A(4)^3 ^ 10-31 ecm, 

where is a "typical hadronic scale" (0.3 GeV was used) included to make the dimensions correct and the factors 
of TT are anticipated from loop diagrams. This estimate falls within the range of IQ-^s.^q-^o predicted from a 
range of more sophisticated calculations. This is several orders of magnitude below the current limits, and is beyond 
the sensitivity of any current or foreseen technology. 

From an experimentalist's point of view, the importance of this result is that any signal of an EDM is background 
free. More conventional (high-energy) experiments exploring CP violation, such as those at the SLAG and KEK B 
factories p^flH. have to search for small departures from a relatively large anticipated signal. In EDM searches, once 
systematics are overcome and a definite signal is found, it can immediately and definitely be recognised as a signal of 
physics beyond the Standard Model. Furthermore, as most theories beyond the Standard Model do allow first-order 
GP violation they tend to predict EDMs that are close to the experimental bounds. 



C. The Strong CP problem 

The QGD Lagrangian includes an arbitrary P- and P-violating phase 0. Furthermore, in the Standard Model 
this phase is shifted from its "raw" value: When the Higgs field acquires its vacuum expectation value, the Yukawa 
couplings with the fcrmions produce the quark mass matrices. The diagonalisation of these matrices produces the 
aforementioned shift in 0, to yield 

6 = e + aig{dei m'), 

where m' is the original (nondiagonal) mass matrix. 

The term occurs in a AS" = operator, and thus is not responsible for the CP violation observed in K decays. 
However, it does generate a neutron EDM of order [13] 

dn ^ ir — ^ o X 10 ecm, 

ruumd + mums + mdmg AM 
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where fj,„ is the nuclear magneton and the rrii are the quark masses. (Note that — s- naturally if any of the quarks 
has zero mass; however, this is disfavoured phenomenologically. ) Existing limits on the neutron (and also on ^^^Hg 
[20I I) EDM therefore constrain this otherwise apparently arbitrary phase to be less than 10^^" radians. This anomaly 
is known as the Strong CP problem. 

The Strong CP problem is not satisfactorily resolved within the Standard Model. Perhaps the best candidate 
mechanism for the suppression of 9 is th at p roposed by Peccei and Quinn, who suggest the imposition of an additional 
symmetry that constrains 9 to be zero [2lj. This additional symmetry, however, requires in its turn the existence of 
an as-yet-unobserved particle, the axion, which has been sought without success for many years [2^ [23|. 



D. Contributions from SUSY 



Supersymmetry postulates the existence of a fermionic (bosonic) 'superpartner' for every boson (fermion) in the 
Standard Model. Phases in the gluino mass and in the squark mass matrix then provide new contributions to the 
neutron EDM, such as that shown in Figure [51 




FIG. 2; A supersymmetric contribution to the neutron EDM 



In order to evaluate these contributions, one has to know the masses of the squarks and the couplings at the vertices; 
these depend upon the details of the supersymmetry breaking for the model under consideration. If the parameters 
are chosen appropriately, electroweak symmetry is broken naturally with the right W mass. However, this typically 
leads to quark EDMs that are of order 

dq ~ (loop factor, typ. I/tt) x -^sin<i>cp, 

where is the quark mass, A is the scale of SUSY breaking (^ 200 GeV) and $cp is a CP-violating phase, naturally 
of order 1; this in turn yields values for the neutron EDM of about dn ^ lO^^'^-lO^'^'* ecm, which is a factor of 100 
to 1000 times too large. (Colour dipole moments, where the photon in Figure [5] is replaced by a gluon, are also 
"naturally" predicted to be large; these contribute substantially to the calculated ^^^Hg EDM). The EDMs can be 
suppressed, by suppressing the phase <&cp or by making the symmetry-breaking scale A (unattractively) large, but 
the fine-tuning of parameters in this way is rather undesirable; and, furthermore, suppression of the CP- violating 
phase would probably require a different source of CP violation for baryogenesis. Cancellations may also be invoked, 
but it then becomes difficult to incorporate the existing EDM limits from all of the systems currently under study - 
neutron, electron and ^^^Hg. A review of this situation is given by Abel et al. Detailed predictions of the EDM 
of ^^^Hg arising from the Minimal Supersymmetric Standard Model (MSSM), and conversely of the constraints on 
MSSM from ^^^Hg EDM measurements, are given by Falk et al. [25j . 



E. Implications of non-zero EDM measurements 

EDMs are being sought in various systems: the free neutron, the mercury atom [20l|, and the electron (via the 
thalhum atom [26] and, more recently, the YbF ^] and PbO molecules [23), in addition to a recent proposal to 
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study deuterium [29|. The fundamental mechanisms underlying sources of EDMs are different in each system, and 
the measurement of a finite value within one of these systems would therefore have distinctive implications (soj : For 
example, if the edms are driven by the QCD angle, one would expect similar contributions to all strongly coupled 
systems, with the consequent approximate pattern dn ~ d^g ^ do » d^, and so on. Thus, the different systems 
have different implications for physics models beyond the standard model. Measurements on multiple systems are 
also needed in order to rule out cancellations. 

From the foregoing, it is clear that EDM limits provide fairly tight constraints upon supersymmetric models; the 
same is true of most other models beyond the standard model that attempt to incorporate CP violation to a degree 
adequate to explain the observed baryon asymmetry of the Universe. The "accidental" cancellation of first-order 
contributions in the Standard Model is not a general feature, and EDM limits (and EDM values, once measured) 
provide a powerful way to distinguish between models and, indeed, to eliminate many of them. Ramsey [sij and 
Barr 3?| have provided useful reviews of the situation, and the book by Khriplovich and Lamoreaux [ssj contains 
further general information on EDMs. An up-to-date review of CP violation, including EDM constraints, is provided 
by Ibrahim and Nath 

II. EXPERIMENTAL TECHNIQUE 

An EDM is detected via the tiny Stark splitting induced by an electric field, which is applied alternately parallel 
and antiparallel to a small applied magnetic field. A change in the neutron's resonant (Larmor precession) frequency, 
proportional to the electric field, is indicative of the presence of an EDM. Specifically, in the presence of parallel 
(antiparallel) magnetic and electric fields, the resonant frequency v is given by 

hiy^2{fiBB±dnE), 

and so the frequency difference between the parallel and antiparallel cases (assuming no change in B in the meantime) 
is 

= MnE. 

It is therefore not surprising that essentially all of the systematic errors associated with EDM measurements arise 
from coupling of the (relatively large) magnetic dipole moment to small changes in the magnetic field that happen to 
be correlated with the electric field. 

In this section we discuss the available sources of neutrons, as well as the technique, due to Ramsey [sS], by which 
these extremely precise frequency measurements can be made. Details of the recently completed room-temperature 
and the upcoming cryogenic experiments at the Institut Laue-Langevin (ILL) in Grenoble are discussed in the following 
sections. 



A. Neutron sources 

Early attempts to measure the neutron EDM relied upon beams of cold neutrons from reactors. This technique 
eventually became limited by the v x E effect: the relativistic transformation of the applied electric field into the 
neutron's rest frame produces an additional magnetic field, 

V X E 



which is proportional to E and which therefore can mimic an EDM. The interaction time T (to which the sensitivity 
is inversely proportional) is also very short for neutrons in a beam. Zel'dovich [36j was the first to propose storing 
neutrons in material bottles. Fermi [s^] had earlier realised that if the neutrons' energies are sufficiently low, their 
wavelengths become so long that they are no longer able to resolve individual nuclei in the material wall; instead, they 
sample millions of nuclei simultaneously, and respond to an effective potential - the Fermi potential Vp - corresponding 
to the average bound coherent scattering length. This Fermi potential may be either positive or negative; thus, for 
some materials the neutron sees an effective potential barrier and, if its kinetic energy is less than Vp, it is able to 
undergo total (elastic) external reflection. By surrounding the neutrons with walls of appropriate Vp, the neutrons are 
able to be contained for minutes at a time, thus substantially reducing the v x E effect and simultaneously increasing 
the interaction time by several orders of magnitude. Neutrons in the energy range to which this applies - up to a few 
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hundred neV, with velocities of a few m/s - are known as ultra-cold neutrons (UCN) [s^ [soll. Bottled UCN are now 
used routinely in neutron EDM experiments [1, S^l (although for a notable exception, see [4l|). 

For magnetised materials, the Fermi potential is modified by the addition of a term —fl ■ B, and thus depends on 
the orientation of the neutron's spin relative to the magnetic field. This property is used to polarize the neutrons by 
transmission, as the "wrong" spin state can be reflected from a magnetised iron foil. 

The UCN employed at the Institut Laue-Langevin, Grenoble, are produced from the fission of ^ssy nuclei in the 
enriched-uranium reactor core. They are allowed to thermalise in a bottle of liquid deuterium, from which they may 
escape up a vertical guide tube (tube guide verticale, or TGV). By the time they reach the top of this tube, they 
have slowed under gravity to a typical speed of 50 m/s. In order to slow them further, they are allowed to enter a 
"neutron turbine" The blades of the turbine are receding at ~ 25 m/s, and thus by bouncing off these blades 

the neutrons are essentially brought almost to a standstill (although, as a consequence of Liouville's theorem, their 
angular divergence is much increased). Neutron densities of the order of 60 cm~^ are obtainable with this system. 

1. Superthermal sources 

Golub and Pcndlebury [i^ in 1977 devised a new technique for the production of UCN, involving the scattering 
of cold neutrons from nuclei of liquid ^He. The Feynman-Landau phonon-roton dispersion curve for superfluid liquid 
helium [3, |4^, |4^, |43| is shown in Figure[31 along with that for free neutrons (the latter being parabolic: E = /2m). 
At the point where the curves cross, the 8.9 A neutrons are able to downscatter to the UCN region by emission of 




FIG. 3: Energy-momentum dispersion curves for free neutrons (the parabola) and for superfluid ''He (with data points from 
neutron scattering measurements [4?!]'). 



a single phonon [48^. The reverse process - upscattering - is completely suppressed by the Boltzmann factor; there 
are simply no 11 K phonons available to scatter the neutrons within the 0.5 K helium. As the emitted phonons 
are able to carry away the excess energy, the restrictions of Liouville's theorem are overcome, and the densities of 
UCN that are achievable in principle are restricted only by the production rate and the loss rate (the latter being 
due primarily to the finite neutron lifetime and to losses at the surfaces of the storage vessel). The neutrons hardly 
interact at all with one another, and never have the chance to thermalise. This mechanism is known as "superthermal" 
UCN production because the densities available in this manner are so much higher than from a traditional "thermal" 
neutron source with its Maxwell velocity distribution. This is the basis of the cryogenic neutron EDM experiment 
now being commissioned at the ILL, which will be discussed in section |Vl as well as a similar experiment planned at 
the SNS in Oak Ridge [491]. 

At PSI, another UCN source is being built, based upon neutrons from a spallation source which are to be cooled 
in a block of solid deuterium [53|. This will form the basis of another EDM measurement ^51], which will employ the 
suitably modified and upgraded equipment from the ILL room-temperature experiment. 
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B. Ramsey's technique of separated oscillatory fields 

Essentially all attempts to measure the neutron EDM have been based upon the application of Ramsey's technique 
of separated oscillatory fields [s^ to free neutrons, either in beams or stored in bottles. The technique provides a 
statistical sensitivity limited entirely by the uncertainty principle: one can only improve the precision by increasing 
the number of neutrons, their polarization, the storage time or the strength of the applied electric field. 

Ramsey's technique is perhaps most easily visualised from a semiclassical viewpoint. Imagine a neutron with its 
magnetic moment (spin) aligned (anti)parallel to a static homogeneous magnetic field B in, say, the vertical direction. 
If a small transverse field B' , rotating at the Larmor frequency, is applied to the system, the neutron in its rest frame 
will see it as a fixed horizontal field and will begin to precess around it. This has the effect of making the spin vector 
spiral around and down as shown in Figure |4] until, after a time r = l/{4'yB) (7 being the gyromagnetic ratio), it 
reaches the horizontal plane. For obvious reasons this perturbing pulse is referred to as a "7r/2 pulse". 



1. 



"Spin up" 
neutron... 




90° spin-flip 
pulse applied.. 




3. 




Free 

precession... 




FIG. 4; Ramsey's technique of separated oscillatory fields 



The signal generating the perturbing field is then gated off, as shown on the right-hand side of Figure IH and the 
neutron's spin vector undergoes free precession for some time T » t before a second 7r/2 pulse, coherent with the 
first, is applied. Between the two n/2 pulses the system essentially consists of two independent "clocks": the source 
of the 7r/2 pulse, which remains active in the background, and the neutron precessing in the magnetic field within its 
storage volume. If the frequency of the perturbing field matches precisely the neutron's precession frequency, then 
the two clocks will stay in phase, and the second pulse will continue to tip the spin vector over until the "flip" is 
completed, as shown in the final diagram of Figure [J] 
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The beauty of Ramsey's technique is that if the two "clocks" have shghtly different frequencies, a phase difference 
is able to accumulate during the period of free precession. The second pulse will then be less efficient at tipping the 
spin vector downwards - indeed, if the phase difference is 180°, then the spin will be tipped back up instead of down. 
Figure [H] shows the number of spin-up neutrons remaining as a function of the frequency of the applied r.f. pulses. 
Right at resonance, the maximum number of neutrons have their spins flipped downwards (the fraction being limited 
by depolarization); 1/2T' away from resonance, the acquired phase difference is 180°, and the spins are not flipped. 

It is interesting to note that Ramsey's idea arose from his teaching undergraduates about the Michelson 
interferometer [5^. The analogy is clear. In fact, the technique (and the resulting graph of Figure [5]) is often likened 
to a two-slit experiment with the slits separated in time rather than space. 




FIG. 5: The number of neutrons remaining with their spins unflipped after application of Ramsey separated oscillatory fields, 
as a function of the frequency. From [s^ . 



Absolute frequency measurements are not necessary; the EDM depends upon measuring a frequency difference 
when the electric field direction is reversed. In order to achieve the maximum sensitivity to such frequency shifts, 
the experiment operates halfway up the central valley in the regions marked by "x" on the curve. Here, the slope is 
steepest, so a small frequency shift produces a large change in the number of spin-up neutrons counted. 



III. ILL ROOM-TEMPERATURE EXPERIMENT 

Final results from the room-temperature EDM experiment were published in 2006 0,11. The brief nature of this 
review precludes a full and detailed discussion of the experiment, and in particular of the systematic uncertainties 
associated with it. A detailed archival paper is, however, in preparation. 

A schematic diagram of the room-temperature nEDM experiment at the ILL is shown in Figure [H Neutrons from 
the UCN turbine entered the apparatus from the lower right, and flowed upwards (UCN behave much as a diffuse 
gas) to the polarizer foil. Those of the correct spin passed through the foil and continued to rise until they reached 
the storage bottle at the heart of the apparatus. The bottle was located in a 10 mG (1 /iT) vertical magnetic field; 
four layers of mu-metal were used to shield out external fields, including that of the Earth. After a filling period of 
about 20 seconds, the neutron door was closed, and the Ramsey sequence was applied to the trapped neutrons. The 
door was then opened, and the neutrons fell back down to the polarizer, which then acted as an analyser. Those in 
the original spin state could pass through and down to a gaseous ^He neutron detector (the curved guide tube from 
the source having been moved aside in favour of a vertical guide leading to the detector). Neutrons of the "wrong" 
spin state, which bounced off the polarizer, were counted in their turn by employing a fast-passage adiabatic spin 
flipper to reverse the direction of the spins of the neutrons in the guide tube just above the polarizer: this spin flipper 
consisted simply of a solenoid wrapped around the guide tube, situated in a region of magnetic field gradient, to which 
a high-frequency (20 kHz) alternating current was applied. 
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FIG. 6: Apparatus for the room-temperature nEDM experiment at ILL. From [53 



Each batch of neutrons takes about four minutes to process. Between each batch, the appUed frequency was cycled 
between the four marked points on the Ramsey curve of Figure [S] Periodically (typically hourly) the electric field, 
which arose simply from the application of 100 kV or so to the lid of the neutron storage container, was reversed. 

By fitting successive neutron counts to a sinusoid - an excellent representation of the central valley of the Ramsey 
curve of Figure [5]- the resonant frequency was determined. The points marked 'Raw neutron frequency' in Figure 
[7] show the behaviour of this frequency over a period of about a day. No correlation with the hourly reversal of the 
electric field is apparent. 

Figure [7] demonstrates clearly the requirement to measure and to control the magnetic environment very precisely. 
The four layers of mu-metal provided a radial shielding factor of about 10*, but strong external fields (such as that from 
the movement of an overhead crane) still had some residual penetration. Mechanical stresses and thermal expansion 
of the shields also allowed a degree of leakage of external fields into the inner region. Batch-by-batch magnetic field 
variations of the order of 10~^^ T were common, and sudden jumps an order of magnitude or so larger than this could 
occur several times per day. 



A. Mercury magnetometer 

Following a suggestion from Ramsey, the magnetic field within the neutron storage volume was monitored by 
an innovative co-habiting atomic mercury magnetometer [53| , similar in design to the cell used in the ^^^Hg EDM 
measurement f20]. Within a small preparation cell, situated just below the neutron storage cell, mercury atoms were 
polarized by optical pumping. Just after the neutrons entered their storage vessel, a small door opened briefly to 
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FIG. 7: Neutron resonant frequency, measured over a 26 hour period, before and after magnetic field drift corrections. From 




allow the mercury atoms into the same volume. A Ramsey- type 7r/2 pulse was applied to rotate their spins into the 
horizontal plane, where they were allowed to precess freely. Circularly polarized light at resonance traversed the cell 
horizontally; it was absorbed to a greater or lesser extent according to the orientation of the mercury atoms' spin 
vectors. Thus, the precession of the atoms throughout the duration of the neutrons' Ramsey measurement sequence 
imparted an AC component to the intensity of light detected at the far side of the cell. This signal was digitised 
and analysed, and the precession frequency that emerged yielded a direct measure of the average strength of the 
magnetic field within the bottle. The structure, operational principle and output from the mercury magnetometer 
are all illustrated within Figure [H 

Figure [7] shows the effect of correcting the neutron frequency for the magnetic field drift: the variation is reduced 
to a small scatter about the mean, dominated entirely by neutron counting statistics. 

The compensation provided by the magnetometer was not perfect. The neutrons were of such low energy that 
they populated preferentially the lower portion of the bottle; their centre of mass lay about 2.8 mm below that of 
the mercury atoms. Any vertical magnetic field gradient thus resulted in a slightly different average field being seen 
by the two systems. However, the systematic uncertainty in the measurement is reduced by more than an order of 
magnitude. 

B. Sensitivity 

Extracting a value for the EDM is, in principle, simple: A straight-line fit to the corrected frequency as a function 
of the applied electric field E yields a gradient that is directly proportional to the EDM. The statistical uncertainty 
obtained is 

h 

2aETVN 

where N is the total number of neutrons counted, the Ramsey period T >> t, and a is the visibility (averaged over 
the two spin states) of the central resonance fringe: 

max 

(iVtmax + A^Tmin) ' 

with a similar expression for ai- The visibility is effectively a measure of the polarization that can be achieved 
and maintained throughout the measurement period. The experiment ultimately reached a statistical sensitivity of 
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FIG. 8: The structure and operational principle of the mercury magnetometer. A typical output signal is also shown; the fitted 
frequency yields the strength of the ambient magnetic field. 



ad„ « 1.5 X 10-26 ecm. 

IV. SYSTEMATIC UNCERTAINTIES 

As noted above, the systematic uncertainties in this experiment principally arise from changes in the magnetic field, 
as seen by the neutrons, that are correlated with the electric field (or, more precisely, with the electric field times 
the sign of Bq). Changes in B that are uniform throughout the volume are compensated by the mercury, but any 
change in the vertical gradient cannot be completely compensated. There are several possible causes of systematic 
uncertainty; here we outline briefly those that make the most significant contributions. 

• Geometric phase effect. This is the leading source of systematic error in the room-temperature experiment, and 
will be discussed in Section IIV Al 

• If the i^^Hg were to have a sizeable EDM of its own, the magnetic field compensation would yield a false apparent 
neutron EDM (possibly masking a true neutron EDM) of magnitude dng ■ Jn/jHg (where the 7 factors are the 
gyromagnetic ratios), but this is not the case here as the EDM of ^^^Hg has been shown to be insignificant on 
this scale (20t . 

• Residual fields from external influences, such as the movement of an overhead crane. 

• Currents in the bottle. If any leakage current follows an azimuthal path around the bottle as it flows from one 
electrode to the other, it will generate an axial magnetic field. 

• Sparks, leading to changes in the residual magnetisation of the shielding. 

• Oscillating fields, perhaps due to ripple on the high-voltage line, causing frequency shifts through Ramsey- 
Bloch-Siegert [H, [5^1 type effects. 

m V X E fields, where the velocity in question arises from either average centre-of-mass motion or from rotation of 
the neutrons within the bottle. The direct influence of such fields is generally very small for trapped ultracold 
neutrons. There is also a second-order vx E effect, due to the slightly enhanced total magnitude of the magnetic 
field. This gives a signal proportional to E'^ rather than to E, but was also a negligible effect in this experiment. 
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• Light-induced shifts in the Hg resonant frequency. This affects the result in two ways: First, by shifting the 
measured frequency, it alters the geometric-phase correction. Second, if the amplitude of the light was correlated 
in some way with the electric field, the frequency shift would reflect this and produce a signal directly. 

• Mechanical movement of an electrode due to electrostatic forces. This effect is minimised by having sturdy 
electrodes held rigidly in place. 



A. Geometric phase effect 



The leading systematic uncertainty in the room-temperature EDM experiment arises from a subtle and beautiful 
conspiracy, only recently discovered j56j , between the v x E effect and a vertical gradient in the magnetic field. The 
situation is easiest to understand in the case of an azimuthally symmetric field with a vertical gradient dB/dz, i.e., 
a slightly trumpet-shaped field. Because V • i? = 0, field lines either enter or emerge from the side walls of the cell, 
giving a radial field of strength that is proportional to the radius r: 



Br 



r dB 
2 ' ~d^' 



Consider now a particle crossing the storage cell close to its diameter, as shown in Figure [5] At the start of its 
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FIG. 9: The origin of the geometric-phase induced false EDM effect, and its magnitude as a function of orbit frequency for a 
1 nT/m vertical magnetic field gradient. Both of these figures are from 56-]; copyright American Physical Society. 



trajectory, just left of centre at the bottom, it is subject to the radial field Br as well as to the sideways v x E 
component, yielding a diagonal resultant. As it moves up the bottle, the Br component shrinks and then reverses 
direction, causing a smooth rotation of this additional effective B field. Eventually, it reaches the far end of the bottle, 
is reflected from the wall and begins its trajectory back. However, the v x E component then faces in the opposite 
direction, with the net effect that the additional effective field component continues to rotate in the same direction. 
The particle thus sees a rotating field in the x-y plane, which, through the Ramsey-Bloch-Siegert mechanism, 'pulls' 
its resonant frequency away from the central value. The shift in frequency is proportional to i?, and it therefore 
mimics an EDM signal. This false EDM is shown in Figure [9] as a function of the diametric orbit frequency v/{AR) 
normalised to the Larmor frequency. 

For the neutrons, moving at just a few m/s in a bottle of diameter 0.5 m, the orbit frequency is rather low compared 
to the Larmor frequency. In this limit, the induced false EDM is small, negative, increases quadratically with velocity, 
and, as it turns out, is independent of the trajectory within the bottle. 

The mercury atoms used for magnetic field compensation are in the opposite regime. For them the shift is relatively 
large and is independent of velocity (although in their case there is some dependence upon the trajectory within the 
bottle). Thus, in the presence of a vertical field gradient, the use of the mercury magnetometer to compensate for 
drifts in the Bq field actually introduces a false EDM effect that is proportional to dB/dz. As is shown in Fig. (TUl 
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the effect is clearly visible within the data. For uniform vertical field gradients, however, this geometric-phase effect 
can be entirely eliminated by using the crossing point of the lines in Fig. 1101 once allowance has been made for the 
Earth's rotatioujwhich shifts the frequency ratio measurements a little lower (higher) when the B field is upwards 
(downwards) (This eff'ectfeT^ is analogous to Foucault's pendulum: the neutrons and mercury atoms precess 

freely while the apparatus rotates slowly beneath them.) 
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FIG. 10: The measured neutron EDM as a function of the neutron-to- mercury frequency ratio. From ^^]; copyright American 
Physical Society. 



The siutation is further complicated by an additional effect due to horizontal magnetic fields Bx, By with finite 
dBx/dy and/or dBy/dx but with [dBx/dx + dBy/dy) = = —dB^/dz (e.g., a quadrupole afigned with z, with 
Bx ~ mil By — qx). These fields - henceforward referred to for simplicity as horizontal quadrupolar fields - do not 
of themselves induce false EDM signals, but they shift the ratio of frequencies of the neutrons and mercury atoms. 
The underlying mechanism is that the slow-moving neutrons are able to follow the field variations adiabatically as 
they traverse the bottle, and they therefore see a total Bq field of slightly enhanced amplitude and slightly varying 
direction. The mercury atoms are moving so fast that they simply average out the small horizontal components. 
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If these horizontal quadrupolar fields are the same for both polarities of the magnetic field, the lines of Fig. [10] are 
shifted sideways, and there is no net change to the measured (crossing point) EDM. If this is not the case, however, a 
sideways shift of one line relative to the other does shift the crossing point up or down. Local magnetic dipole fields 
can also enhance the geometric-phase shift, beyond the expectation arising from the volume-averaged magnetic field 
gradient (ssj. 

The details of the analysis are beyond the scope of this review, but essentially one must rely upon independent 
measurements of the frequency ratios (for each of the field directions) at which the volume-averaged magnetic field 
gradient is zero. The procedure is outlined in '58], and will be addressed further in an archival paper. 

V. CRYOGENIC NEUTRON EDM EXPERIMENT 

The prediction that a high flux of neutrons could be produced from a superthermal source was first made in 1977 
(43| . During the intervening period, a number of attempts were made to measure the production rate [HI, but all 
were severely hampered by the necessity of bringing the neutrons out of the superfluid helium volume to the detectors, 
which, being gaseous, were at room temperature. Both the windows used, and the contaminants that invariably froze 
onto them, proved to be very effective neutron absorbers. In 2001, however, the Sussex/RAL EDM group developed 
solid-state neutron detectors that could be placed within the superfiuid helium itself wl . The detectors were coated 
with a layer of ^Li, and the neutrons were thus able to be detected via the reaction 

n ^Li -> a-l-^H. 

With this technology in place, the production rate could be measured, and was found to be in good agreement with 
the theoretical prediction [6]| . 

Figure [Til shows schematically the apparatus that is being developed by the same group - joined in the meantime 
by H. Yoshiki of the University of Kure in Japan, who provided much of the equipment [62|, and by the University of 
Oxford - for the cryogenic EDM experiment [6^ that is anticipated to take place at the ILL. 




FIG. 11: A schematic diagram of the cryogenic neutron EDM apparatus being developed by the Sussex/RAL/ILL/Kure/Oxford 
CryoEDM collaboration. Key: [A] UCN source volume [B] Valve and beam stop [C] Flap valve, to direct neutrons either from 
source to Ramsey cells or from Ramsey cells to detector [D] Detector [E] three-layer mu-metal shielding [F] Helium jacket, 
containing superconducting lead shield and superconducting solenoid [G] SQUID pickup coil location [H] Ramsey cells [I] 
High-voltage feedthrough; extended high-voltage feed line not shown. 
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A polarizing monochromator is used to extract the 8.9 A neutrons from the ILL's H53 cold-neutron beamline. 
Cooling Towers I and II provide liquid helium for, respectively, the neutron-containing volumes and for the supercon- 
ducting shield/solenoid arrangement. Not shown is an extended neutron production volume and a 90° bend between 
Towers I and II so that the cold neutron beam does not enter the measurement volume. The measurement process 
will follow the time-honoured fashion of allowing the neutrons into the Ramsey chamber in batches, carrying out the 
usual spin manipulations to determine the Larmor precession frequency, and then detecting and counting the number 
of neutrons in each spin state. It is planned that the Ramsey chamber at the heart of the apparatus will eventually 
consist of four cells: the two central cells, separated by a high-voltage electrode, will have oppositely directed electric 
fields; the outer cells, with grounded electrodes at either end, will act as neutron magnetometers. (Initially, there 
will be just two cells: one subject to an electric field, the other in which both electrodes are grounded.) Although a 
cohabiting magnetometer has been very successful in the room-temperature experiment, the geometric-phase induced 
systematic false EDM effect has led to a decision not to employ a similar technique in this experiment: The magnetic 
field will be monitored by SQUIDs. A 400 kV Cockcroft- Walton stack will provide high voltage, input from the 
right-hand side of the figure. 

At the time of writing (autumn 2007) much of the construction is complete, and commissioning is underway. Within 
a relatively short time, a sensitivity of lO^'^^ ecm should be achieved. It is then hoped that the experiment may move 
to a dedicated, high-flux beamline. A three- to five-year running period should then enable the statistical sensitivity 
to be brought down to the region of a few times 10"^^ ecm, thus cither verifying or testing to the limit many popular 
models - such as supersymmetry - that attempt to explain the origins of CP violation. 

VI. CONCLUSIONS AND FUTURE OUTLOOK 

Neutron EDM experiments provide a unique and sensitive probe to physics beyond the Standard Model. Models 
that predict a sufficient degree of CP violation to account for the observed baryon asymmetry of the Universe typically 
also predict the existence of a neutron EDM at, or extremely close to, the existing experimental limits: as such, these 
ever-tightening limits provide severe constraints on such models, including, for example, Supersymmetry. 

The most sensitive experiment to date has a statistical uncertainty that is approaching the level of 10^^^ ecm. 
While it may be possible to gain perhaps a factor of three or four improvement in sensitivity by modifying the 
apparatus in question and situating it at a more intense neutron source [5l||, or else by building a new apparatus 
with multiple chambers to improve the cancellation of false EDM signals [6J|, the possibility of a truly dramatic 
breakthrough appears to require a cryogenic experiment using the so-called superthermal production method. One 
such experiment, highlighted in this article, is currently under development; others have been proposed, for example 
by a collaboration in the USA [65| that proposes to use a ^He cohabiting magnetometer [66i] in order ultimately to 
achieve a sensitivity of about 10~^^ ecm. 

We are fortunate to be working in the field at this very exciting time: if Supersymmetry is correct, then it is quite 
likely that within the next five to ten years this half-century long search for a finite electric dipole moment of the 
neutron will finally reach its goal. 
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